Three dimensional bilateral imaging is the standard for most clinical breast dynamic contrast-enhanced (DCE) MRI protocols. Because of high spatial resolution (sRes) requirement, the typical 1-2 min temporal resolution (tRes) afforded by a conventional full-k-space-sampling gradient echo (GRE) sequence precludes meaningful and accurate pharmacokinetic analysis of DCE time-course data. The commercially available, GRE-based, k-space undersampling and data sharing TWIST (time-resolved angiography with stochastic trajectories) sequence was used in this study to perform DCE-MRI exams on thirty one patients (with 36 suspicious breast lesions) before their biopsies. The TWIST DCE-MRI was immediately followed by a single-frame conventional GRE acquisition. Blinded from each other, three radiologist readers assessed agreements in multiple lesion morphology categories between the last set of TWIST DCE images and the conventional GRE images. Fleiss' κ test was used to evaluate inter-reader agreement. The TWIST DCE time-course data were subjected to quantitative pharmacokinetic analyses. With a four-channel phased-array breast coil, the TWIST sequence produced DCE images with 20 s or less tRes and~1.0×1.0×1.4 mm 3 sRes. There were no significant differences in signal-to-noise (P=.45) and contrast-to-noise (P=.51) ratios between the TWIST and conventional GRE images. The agreements in morphology evaluations between the two image sets were excellent with the intra-reader agreement ranging from 79% for mass margin to 100% for mammographic density and the inter-reader κ value ranging from 0.54 (Pb.0001) for lesion size to 1.00 (Pb.0001) for background parenchymal enhancement. Quantitative analyses of the DCE time-course data provided higher breast cancer diagnostic accuracy (91% specificity at 100% sensitivity) than the current clinical practice of morphology and qualitative kinetics assessments. The TWIST sequence may be used in clinical settings to acquire high spatiotemporal resolution breast DCE-MRI images for both precise lesion morphology characterization and accurate pharmacokinetic analysis.
Introduction
Magnetic resonance imaging (MRI) plays an important role in clinical care of breast patients. It is increasingly used for high-risk population screening, dense breast diagnosis, diagnostic problem solving, preoperative staging, therapy monitoring, and residual disease evaluation. Dynamic contrast-enhanced MRI (DCE-MRI) is a critical part of a routine clinical breast MRI examination protocol. DCE-MRI images provide both tumor morphology and contrast kinetics information, which are decisive in image interpretation and follow-up recommendation by a radiologist. Tumor morphology assessment has been shown to play an important role in breast cancer diagnosis [1] [2] [3] . Post-contrast DCE-MRI images are often used for such purposes. Contrast kinetics features in a tumor are extracted from the DCE-MRI signal intensity time course.
Three-dimensional (3D) bilateral imaging is the standard for breast DCE-MRI protocols at most clinical sites. Typically, DCE images are acquired with a conventional gradient echo (GRE) pulse sequence, which employs full kspace sampling strategy. The trade-off between spatial and temporal resolution (sRes and tRes) in such an acquisition scheme and the radiologist's preference for high sRes in a clinical protocol result in a typical tRes of 1-2 min, even with the use of parallel imaging acceleration methods [4] . Consequently, the standard clinical approach to describe contrast kinetics from the DCE signal intensity time-course data is either qualitative evaluation of curve shapes [5] or semi-quantitative assessment of empirical quantities, such as signal enhancement ratio [6] , maximum slope [7, 8] , washout ratio [9] , etc.. However, the results from either approach are often dependent on the MRI scanner (magnetic field strength, vendor), data acquisition details (pulse sequence and parameters), contrast dose and/or injection rate, personnel skills, etc., and these factors vary site-to-site. This contributes to limited specificity and lack of high reproducibility for breast DCE-MRI [10] .
It has been shown that quantitative analysis of DCE-MRI time-course data, i.e., pharmacokinetic modeling to extract pharmacokinetic parameters, can potentially improve accuracy in breast cancer detection [11] [12] [13] [14] [15] and is valuable for monitoring therapeutic response to neoadjuvant chemotherapy [16] [17] [18] . Furthermore, one recent study [19] showed that the threshold value of a pharmacokinetic parameter for discrimination of benign and malignant breast lesions was largely independent of scanner platform, field strength, data acquisition parameters, and contrast agent selection. This is precisely one of the main reasons why DCE-MRI should be performed quantitatively. However, the 1-2 min tRes of most current clinical breast DCE-MRI protocols is inadequate for quantitative data analysis. High tRes is required for accurate and meaningful pharmacokinetic analysis [20] . By downsampling the acquired DCE-MRI time-courses, a recent study [21] has demonstrated that as tRes decreases, the derived pharmacokinetic parameters K trans and v e are progressively under-and over-estimated, respectively. With regard to breast DCE-MRI, the results from simulations show that the cancer detection accuracy suffers if the tRes is degraded to the range of current clinical protocols, regardless of whether the quantitative [22] or semi-quantitative [23] data analysis approach is used. Therefore, in order for quantitative breast DCE-MRI to be adopted as a useful and practical imaging modality in clinical settings, it must be demonstrated that the image data can be collected with high sRes and tRes simultaneously: the former for precise tumor morphology evaluation and the latter for accurate quantitative pharmacokinetic analysis.
To shorten acquisition time in 3D MRI, such as a breast DCE-MRI exam, one strategy is to abandon the approach of uniformly sampling the entire k-space at every time point. Random partial k-space updating [24] is a good example of such method and half k-space sampling like the HASTE sequence [25] is now routinely used in clinical MRI. However, these methods come at a cost of reduced signalto-noise ratio (SNR). There have been significant research efforts in recent years to improve breast DCE-MRI tRes while preserving adequate SNR and sRes. Han et al [26] speeded up bilateral breast DCE-MRI by combining spiral imaging with TSENSE (adaptive sensitivity encoding incorporating temporal filtering) acceleration and achieved 1.1×1.1×3.0 mm 3 sRes with a tRes of 11 s. Dougherty et al [27] combined SENSE parallel imaging [4] with a weighted radial viewsharing scheme -KWIC (k-space weighted image contrast) -to obtain an effective tRes of 15 s for 0.5×0.5×3.0 mm 3 sRes. Several groups [28] [29] [30] have demonstrated up to 10x acceleration for DCE-MRI (without employing parallel imaging) by using the compressed sensing concept for image reconstruction [31] , which allows filling of missing k-space data by constrained optimization. Simulations using k-spaced-fully-sampled breast DCE-MRI data have shown that the DCE signal time-course and derived pharmacokinetic parameters can be faithfully reproduced using the compressed sensing reconstruction method [28] [29] [30] . Though promising, the above mentioned techniques are not ready for implementation at clinical sites. In addition, the computation time for reconstruction of the usually large breast DCE-MRI image volume is demanding for the compressed sensing method [29, 30] . For clinical practice, the impact of quantitative breast DCE-MRI would be immediate and significant if a commercially available pulse sequence were able to accomplish the goal of high spatiotemporal resolution. The solution may lie in the time-resolved MR angiography (MRA) sequences recently introduced by the major MR instrument manufacturers. These include General Electric's TRICKS (time resolved imaging of contrast kinetics) [32, 33] , Philips' 4D-TRAK (4D-time resolved MRA with keyhole) [34, 35] , and Siemens' TWIST (time-resolved angiography with stochastic trajectories) [36, 37] . Generally using the keyhole imaging approach, these sequences have, while preserving SNR, readily addressed the sRes and tRes tradeoff problem that is typical for conventional MRA.
The potential of the TRICKS sequence for high spatiotemporal resolution DCE-MRI has recently been evaluated with encouraging results [38, 39] . In this study, we investigated the feasibility of using the GRE-based, 3D TWIST sequence for high sRes and tRes breast DCE-MRI in a pre-biopsy patient cohort with suspicious lesions. The SNR and CNR (contrast-to-noise ratio) of the TWIST images, as well as lesion morphology assessments, were compared to those of the conventional GRE images with full k-space sampling. Quantitative analyses of the TWIST DCE time courses were performed for the purpose of differentiating benign and malignant lesions.
Materials and methods

The TWIST sequence
The TWIST pulse sequence is a GRE type sequence with 3D k-space data acquisition [36, 37] . During a dynamic scan, it performs partial k-space undersampling, with emphasis on more frequent sampling of the k-space center, which governs image signal intensity and contrast, relative to the k-space periphery, which governs image fine detail. The TWIST sequence separates the k y -k z plane into two regions: an inner central region A and an outer peripheral region B (Fig. 1A) . After an initial "Prep" phase of two seconds to bring the magnetization into steady state, the TWIST sequence acquires full k-space data only at the beginning (meas #1 in Fig. 1B) . From here on, the A region is fully sampled in each repetition with A% defining the percentage of the data points in A relative to the total data points in the k y -k z plane, while the B region is sampled using a k-space trajectory with a reduced density with B% defining the percentage of the sampled data points relative to the total data points in B. B% is equal to 1/3 in the example shown in Fig. 1B . All k-space points are sorted according to their radial distances from the k-space center, and the k-space orders in A and B are defined such that a spiral-like trajectory occurs with k-space distance going from the outer to the inner edge of the B region, and from the outer edge to the center in the A region, respectively. To reconstruct 3D image data for each measurement (or time frame) of a dynamic scan, the missing portions of the B region are copied from the neighboring B acquisitions, as shown in Fig. 1B . Assuming it takes time T A and T B to measure all k-space points in regions A and B, respectively, the tRes of a dynamic scan using a conventional GRE sequence is T A +T B . For a dynamic TWIST scan, with A% of all k-space points and only B% of the k-space points in the B region are acquired in each repetition, the effective tRes is (T A +T B )[A%+B%(1-A%)]. The smaller the A% and/or the B% values, the shorter the time interval between two consecutive measurements, leading to higher tRes. In addition, the TWIST sequence can be combined with parallel imaging techniques to further improve tRes.
Study population
This research study was approved by the Institutional Review Board and was Health Insurance Portability and Fig. 1 . A. The TWIST sequence 2D k-space coverage is displayed. Each dot represents a read-out line in the 3rd k-space dimension. The TWIST acquisition divides k-space into a center region A and a periphery region B. B. Example of a TWIST dynamic scan with B%=1/3. After a full k-space acquisition for the first measurement (meas #1), each following measurement acquires all of A and a pseudostochastically determined B portion. The missing portions of the B region are copied from the neighboring B acquisitions for image reconstruction. A n : acquisition of k-space data points in region A for measurement #n; B t1 , B t2 , and B t3 : k-space trajectory 1, 2, and 3 in region B with equal portion of data points.
Accountability Act (HIPAA) compliant with written informed consent. The thirty-one enrolled subjects (mean age: 49 years, range: 32-85 years) are patients who had mammography-and/or sonography-detected suspicious lesions and were referred for stereotactic or ultrasound-guided core needle biopsies as standard care. A total of 36 suspicious lesions were detected in the 31 patients (three with 2 lesions each and one with 3 lesions), which were all rated in the BIRADS (Breast Imaging Reporting And Data System) 4 -suspicious -category. According to the clinical imaging interpretation reports, the mean tumor size (in the longest dimension) of this cohort was 13.4 mm, with a 3.0 -32.0 mm range. Each enrolled subject underwent a research MRI session prior to the biopsy procedure.
MRI data acquisition
The MRI data acquisitions were conducted using a 3T MR system (Tim Trio; Siemens Healthcare, Erlangen, Germany) with a body transmit and four-channel phasedarray bilateral breast receive RF coils. Following pilot scans and routine axial multi-slice T 2 -weighted MRI (with fat saturation) and 3D T 1 -weighted MRI (without fat saturation), axial bilateral breast DCE-MRI images with fat-saturation and full breast coverage were acquired with the TWIST sequence. Fat saturation in the TWIST acquisition was achieved with a 1-2-1 binomial water excitation pulse. For this study, the A% and B% values of the TWIST sequence were set at 0.15 and 0.2, respectively, corresponding to a 3.125-fold acceleration compared to a conventional GRE sequence. These numbers were selected based on findings from a recent kidney MRA study [37] that showed less than 5% errors in a TWIST DCE-MRI signal intensity timecourse when A% and B% were both set at 0.2, compared to a full-k-space-sampling acquisition. Other acquisition parameters included 10 o flip angle, 2.9/6.2 ms TE/TR, a parallel imaging acceleration factor of two, 30-34 cm FOV, 320x320 matrix size, and 120 or 128 slices with 1.4 mm slice thickness, resulting in~1.0×1.0×1.4 mm 3 sRes. The acquisition times for the first TWIST DCE-MRI frame (fullk-space-sampling) were 57 s and 63 s, while those for the rest of the frames, the de facto DCE-MRI tRes, were 18 and 20 s for the 120-slice and 128-slice image volumes, respectively. The total DCE-MRI acquisition time was 10 min. At the beginning of the third DCE-MRI frame acquisition, gadolinium-based contrast agent, ProHance (Bracco Diagnostics Inc., Princeton, NJ, USA), was administered intravenously (0.1 mmol/kg at 2 mL/s) through an antecubital vein by a programmable power injector, followed by 20 mL saline flush.
For pre-contrast T 1 determination -for the purpose of pharmacokinetic modeling of the DCE-MRI data, proton density-weighted images were collected immediately before DCE-MRI with the same acquisition setup except for 5 o flip angle and 50 ms TR. For the purpose of TWIST vs. conventional GRE image comparison, a single-frame DCE-MRI image volume was acquired immediately after the TWIST DCE-MRI scan with the same prescription of the TWIST acquisition (including the same parallel imaging acceleration factor), except that a conventional full-k-spacesampling 3D GRE sequence was used, resulting in a tRes of~60 s.
SNR and CNR measurement and comparison
In the last TWIST DCE image set, a circular region of interest (ROI) was drawn in non-enhanced normal parenchyma area, a second ROI was placed within contrastenhanced tumor region (except for tumor of focus type (b 5 mm)) in an image slice with the brightest contrast enhancement (in comparison to adjacent slices that also contained contrast-enhanced tumor areas) by visual inspection, and a third ROI was placed in the background noise (Fig. 2 ). All three ROIs had the same size (6 pixels), and were spatially registered to the conventional GRE images. The mean and standard deviation (SD) of the ROI signal intensities were recorded, and the SNR and CNR were calculated for both image sets for comparison purpose. The SNR was defined as
where S P was the mean signal intensity of the normal parenchyma ROI, and SD N was the SD of the noise. The CNR was defined as
where S T was the mean signal intensity of the ROI in the contrast-enhanced tumor region.
MRI lesion morphology evaluation and comparison
All 36 mammography-and/or sonography-detected lesions exhibited MRI contrast enhancement. To determine whether tumor morphology characterization obtained from the TWIST DCE-MRI scan is equivalent to that from the conventional DCE-MRI scan, three experienced breast radiologists (KYO, NR, and MDK, each with at least five years experience in reading breast MRI) compared the last set of TWIST DCE-MRI images with the conventional fullk-space-sampling GRE images in multiple morphology categories based on the American College of Radiology (ACR) BIRADS MRI Lexicon [40] , and gave "yes" or "no" decisions to indicate whether or not the morphology assessments agreed with each other. These categories included lesion enhancement type (focus, mass, or nonmass), shape (of mass), margin (of mass), internal enhancement pattern (of mass and non-mass), tissue mammographic density, background parenchymal enhancement, and lesion size. The exception is in the tissue mammographic density category, for which the radiologists rated "E" for "extremely dense", "H" for "heterogeneously dense", "S" for "scattered", and "F" for "fatty". The comparisons conducted by the three radiologists were blinded from each other.
Qualitative and quantitative analyses of TWIST DCE-MRI data
One pre-(the baseline image set acquired immediately before contrast injection) and five post-contrast image sets were selected from the TWIST DCE series to form a new dynamic series with a time interval (effective tRes) of 72 (120-slice image volume) or 80 (128-slice image volume) s between two consecutive image sets, essentially replicating the tRes and number of measurements of the institutional clinical DCE-MRI protocol using a conventional GRE sequence. These six image sets were submitted to a computer aided diagnosis (CAD) system (DynaCad, Invivo, Gainesville, FL, USA) for qualitative contrast kinetics evaluations. The three radiologist readers classified the DCE curve shapes as "washout", "plateau", and "persistent", and assigned BIRADS scores to the enhanced lesions based on both morphology and qualitative kinetics assessments [40] . In case of disagreement in morphology evaluation between the TWIST and conventional GRE images, the more suspicious evaluation was taken into account in determining the BIRADS score.
On an off-line computer workstation, the radiologists drew ROIs circumscribing the contrast-enhanced lesions. The lesion ROI and pixel (within the ROI) TWIST DCE timecourse data were then subjected to the Standard Model (SM, or Tofts model) [41] and Shutter-Speed Model (SSM) [11, 42, 43] pharmacokinetic analyses -the latter accounts for intercompartmental water exchange kinetics. For the quantitative data analysis, pre-contrast T 1 values were calculated by comparing signal intensities between the proton density-weighted images and the baseline images from the DCE series [44] . A population-averaged arterial input function (AIF), which was determined from a previous breast DCE-MRI study with the same contrast injection protocol [11] , was used in this study. The theory and mathematical formulations of the SM and SSM analyses have been previously described in great detail [41] [42] [43] . The lesion ROI pharmacokinetic parameter value was reported as the weighted (by ROI pixel numbers) average of that from each image slice where a contrast-enhanced lesion ROI was drawn.
Statistical analysis
Paired t test was used to determine if the SNR and CNR of the last TWIST DCE image set were significantly different from those of the conventional GRE image set. The proportion of agreement in morphology evaluations between the TWIST and the conventional GRE images was calculated for each radiologist reader and presented with the exact 95% confidence limits. The κ statistics was computed to assess inter-reader agreement among the three readers in morphology comparison, qualitative kinetics curve shape description, and MRI BIRADS score. κ statistics is a widely used measurement of inter-rater agreement for categorical data because it accounts for the agreement occurring by chance. κ=1 implies full agreement, while κ=0 implies agreement only by chance. The κ statistics reported here is the Fleiss' κ, the most commonly reported κ statistics for multiple raters [45] . Since the Fleiss' κ statistics does not incorporate the ordinal feature of mammographic density and BIRADS score, Kendall's coefficient of concordance was calculated for these two categories. The Kendall's coefficient of concordance is typically used in evaluating raters' agreement for ordered responses. It ranges from 0 (no agreement) to 1 (complete agreement). For all the variables of interest, a twosized z test was used to evaluate whether the inter-reader agreement was significantly greater than by chance at a significance level of P=.05. All the statistical analyses were conducted using the SAS 9.2 software (SAS Institute Inc., Cary, NC, USA).
Results
SNR and CNR comparison
The SNR values in normal appearing, non-enhancing breast parenchyma were calculated for all 31 patients. The SNR measured from the last set of TWIST DCE images (mean±SD: 95±71) was not significantly (P=.45, paired t test) different from that measured from the conventional GRE images (104±64). The CNR values were calculated for 26 of the 36 lesions, because the other 10 lesions were focus type and too small for reliable tumor ROI signal intensity measurement. The CNR of the last set of TWIST DCE images (mean±SD: 58±39) was not significantly (P=.51, paired t test) different from that of the conventional GRE images (62±41).
Comparison of lesion morphology
The types of enhanced lesions were classified by the radiologists as focus, mass, and non-mass. Fig. 3 shows examples of the same image slices from the last TWIST DCE image set and the conventional GRE image set, depicting the three lesion types. All three readers answered "yes" in type classifications of these three lesions when comparing the two image sets. The focus lesion (Fig. 3A and B) was pathologically proven to be a benign lesion with fibrocystic changes, while the mass (Fig. 3C and D) and non-mass ( Fig. 3E and F) lesions were pathologically proven to be a malignant invasive ductal carcinoma and a malignant ductal carcinoma in situ, respectively.
The percentages of the lesions that had the same morphologic feature interpretations when comparing the two image sets are listed in Table 1 for each reader and each morphology category, as well as the Fleiss' κ values for interreader agreement. The intra-reader agreement in morphology between the two image sets ranged from 79% for mass margin to 100% for mammographic density. The κ value ranged from 0.54 (Pb.0001) for lesion size to 1.00 (Pb.0001) for background parenchymal enhancement. Besides κ=0.82 (Pb.0001), Kendall's coefficient of concordance was 0.96 (Pb.0001) for mammographic density evaluation.
The average MRI lesion size in the longest dimension was calculated for each lesion based on the three readers' measurements. The mean (13.8 mm) and range (3.6 -32.0 mm) of the MRI lesion size were in excellent agreement with those of the mammographic/sonographic lesion size. The numbers in parentheses for each reader are 95% exact confidence limits. They were not calculated for the non-mass IE and MD categories because, when comparing the two image sets, each reader considered these two morphologic features equivalent for every lesion.
The P values were from z test. It was not calculated for non-mass IE category because there was not sufficient number of non-masses (2 in the 36-lesion cohort).
Comparison of diagnoses by clinical MRI protocol and quantitative DCE-MRI
The biopsy pathology analyses revealed that thirteen lesions were malignant and the other 23 lesions were benign (Table 2) , resulting in a positive predictive value (PPV) for biopsy of 36% for the clinical mammographic/ sonographic diagnoses.
The readers had excellent agreement in qualitative contrast kinetics assessments using the CAD system, with к=0.78 (Pb.0001, z test). The lesion MRI BIRADS scores, based on the readers' interpretations of both morphology and qualitative kinetics, are given in Table 3 . Again, the three readers had considerable agreements in giving BIRADS scores, with к=0.87 (Pb.0001, z test) and Kendall's coefficient of concordance equal 0.95 (Pb.0001). None of the readers made a false negative diagnosis, attaining 100% diagnostic sensitivity each. Their diagnostic specificities and PPVs were in the ranges of 65-69% and 62-65%, respectively (Table 3) . Fig. 4 shows the ROI K trans (SSM) (Fig. 4A ) and ΔK trans ( Fig. 4B) scatter plots for the 36 lesions. ΔK trans , which is defined as ΔK trans ≡ K trans (SSM) -K trans (SM), measures the effects of water exchange on K trans estimation [11, 42] . Using K trans (SSM) as the diagnostic marker, a cut-off value of 0.08 min -1 (Fig. 4A ) gave an improved specificity (compared to the radiologists' diagnoses) of 83% at 100% sensitivity. With the same cut-off value obtained from another patient cohort [42] , 0.024 min -1 (Fig. 4B) , the ΔK trans marker provided an even higher specificity of 91% at 100% sensitivity. Fig. 4C and D demonstrate the ΔK trans maps of a malignant invasive ductal carcinoma and a benign fibroadenoma, respectively. With the same color scale, the malignant lesion exhibited large areas of hot spots, while none was observed in the benign lesion. With 74% specificity and 100% sensitivity at a cut-off value of 0.05 min -1 , the diagnostic accuracy of the K trans (SM) marker was not as good as the K trans (SSM) and ΔK trans markers. The sensitivity, specificity, and PPV values of the K trans (SM), K trans (SSM), and ΔK trans parameters are listed in Table 3 .
Discussion
It is gratifying to observe that the ROI ΔK trans cut-off value which achieved 100% sensitivity and specificity in a cohort of mainly mammography-occult lesions [42] attained 91% specificity and 100% sensitivity in this study of a mammography-visible lesion population. These two DCE-MRI studies were conducted at different field strength and with different scanner platform, data acquisition details (pulse sequence and parameters), and gadolinium contrast agent. The fact that one single cut-off value performed similarly well in two different patient cohorts undergoing different DCE-MRI protocols demonstrates the essence of quantitative imaging -the imaging biomarkers are biological quantities, in principle independent of how imaging data are collected and processed. Furthermore, this study, together with other studies [11] [12] [13] [14] [15] , shows that the approach of quantitative DCE-MRI improves diagnostic accuracy for breast cancer compared to the current standard approaches of clinical breast MRI. These are some of the main reasons why quantitative imaging is the future for clinical cancer imaging, whether for diagnosis or treatment planning and monitoring. Adaptation of quantitative DCE-MRI in a clinical breast MRI protocol implies the need for imaging speed acceleration while preserving high sRes, which is an essential requirement by radiologists for image interpretation.
The TWIST breast DCE-MRI protocol used in this study generated high sRes bilateral axial images with near isotropic 1 mm voxel size, which is well above the minimum requirement for sRes by the ACR for breast DCE-MRI [40] . The intra-and inter-radiologist reader agreements in comparisons of all categories of tumor morphologic features between the TWIST and the conventional full-k-spacesampling GRE images were excellent, indicating that it is feasible to achieve, without sacrificing sRes, high tRes for breast DCE-MRI with the TWIST sequence -20 s or 18 s with the data acquisition schemes employed in this study. Though full k-space data were not acquired in TWIST DCE-MRI (except for the first time frame), the DCE images at each time frame were reconstructed with full k-space data [36, 37] . Thus, not surprisingly, the SNR of the non-enhancing normal breast parenchyma in the last set of TWIST DCE images was not significantly different from that in the conventional GRE images. For lesion morphology comparisons, it would have been ideal if the extent of contrast enhancement had been the same for the two image sets. We fitted the tumor ROI signal intensities of the last six DCE time frames with a straight line and calculated its slope and angle relative to a horizontal line. The angles ranged from + 2.9 o to −7.4 o for the 36-lesion cohort. Thus, insignificant differences in the extent of contrast enhancement can be assumed between the last TWIST DCE and conventional GRE images, i.e., there was no significant contrast agent wash-in or wash-out occurring in the tumor between the acquisitions of the two image sets. In addition, the fact that the CNR was not significantly different between the two image sets provides further evidence that this was the case (see Eq. [2] ) and our approach of morphology comparison was valid.
The results from this study suggest that the use of the TWIST sequence, and possibly similar keyhole approach time-resolved MRA sequences from other major vendors, may provide a shortcut for rapid translation of quantitative breast DCE-MRI in clinical settings. The 20 s or shorter tRes achieved in this TWIST DCE-MRI study appears adequate for pharmacokinetic modeling of the time-course data and extracting the K trans (and ΔK trans when both the SM and SSM analyses are used) parameter that characterizes malignant and benign breast lesions. Similar results were obtained from full-k-space-sampling breast DCE-MRI data with comparable tRes (albeit with much lower sRes and single breast coverage) [11, 42] . When the intravascular compartment is included in the pharmacokinetic model to fit the data, the estimation of the additional parameter v p , plasma volume fraction, is unlikely to be accurate at~20 s tRes [43, 46] . This is because the MRI signal contribution from the plasma occurs mainly during the early rising phase of the DCE time course, which can be accurately captured only with sufficient data sampling rate. Additionally,~20 s tRes is not adequate for precise direct AIF measurement [20] . This problem can be resolved by using population averaged AIF determined from similar studies (using the same contrast injection protocol) with higher tRes, as is the case in this study, or using reference-region [47, 48] or blinded estima- (SSM) and ΔK trans , respectively. The latter was determined from another patient cohort with mainly mammography-occult lesions [42] . Zoomed pixel-by-pixel ΔK trans color maps of a malignant invasive ductal carcinoma (C) and a benign fibroadenoma (D) are shown overlaid onto the corresponding post-contrast TWIST DCE-MRI images.
tion [49] methods. A four-channel phased-array receive coil and a parallel imaging acceleration factor of two were used in this study. With 16-channel phased-array breast coil currently commercially available and at least 3X faster parallel imaging acceleration (in comparison to a 4-channel coil) achievable, sub-10 s tRes for TWIST breast DCE-MRI, and therefore more accurate direct AIF measurement and v p estimation, is feasible.
Unlike other sophisticated data acquisition methods [26, 27] for improving breast DCE-MRI tRes, the TWIST sequence is commercially available and can be readily implemented in a clinical breast MRI protocol. Other commercially available, keyhole approach pulse sequences include the TRICKS and 4D-TRAK sequences. Though it has been shown that signal intensity time course from a TRICKS DCE-MRI acquisition closely matches that from a full-k-space-sampling acquisition [38] , the effects of the TRICKS k-space undersampling strategy on tumor morphology assessment have not been evaluated. In comparison to the TRICKS sequence which uses linear trajectory when sampling one central and one of several periphery k-space sections, the TWIST sequence uses a spiral and pseudostochastic trajectory to traverse a full range of k-space with theoretical advantage in image quality and artifacts reduction [36] . For broader adoption of high spatiotemporal resolution breast DCE-MRI in clinical settings, it may be beneficial to investigate, as in this study, the feasibilities of using the TRICKS and 4D-TRAK sequences for breast DCE-MRI. Recently, the compressed sensing method for image reconstruction from undersampled k-space data has emerged to be a potentially ground-breaking technique for high speed imaging without sacrificing sRes. Through simulations using full-k-space-sampled data, several studies [28] [29] [30] demonstrated the potential of the compressed sensing method for high spatiotemporal resolution breast DCE-MRI. However, in these studies compressed sensing image reconstructions were performed at the same DCE time points as the actually acquired, low tRes full-k-space data. Even though the resulting, simulated signal intensity time courses have been shown to closely match those of the actually acquired data, whether compressed sensing reconstruction of an actually acquired, k-space-undersampled, high tRes DCE-MRI data set can closely reproduce the time course of a full-k-space data set is yet to be investigated. Moreover, the effects of this reconstruction method on tumor morphology characterization have not been evaluated. Another recent study [50] shows that the choice of k-space undersampling schemes can influence both quality and temporal fluctuation of the final DCE images reconstructed using the compressed sensing algorithm. Therefore, further investigations need to be conducted before compressed sensing can be used as a commercial product in clinical settings to perform high spatiotemporal resolution breast DCE-MRI.
Since the images at each time frame are reconstructed with full-k-space data, the signal intensity time course of a dynamic TWIST scan perfectly reproduces that of a full-kspace-sampling dynamic scan on static signals. However, for DCE-MRI studies with varying signal intensities due to contrast agent uptake and washout, the potential of the TWIST sequence for high sRes and tRes quantitative DCE-MRI can be fully realized only after its sampling strategy is optimized to maintain signal intensity time course and fine image details that are afforded by a conventional full-kspace-sampling GRE sequence. For TWIST DCE-MRI data acquisition in this study, the fraction of k-space region A and the reduced sampling density in region B were set at fixed values that have been shown in a MRA study [37] to incur minimal errors in signal intensity (b 5%). Optimization of the combined A% and B% values through simulations should be explored in future research to potentially further improve the tRes of TWIST breast DCE-MRI, while ensuring the reliability of signal intensity time course and minimizing image artifacts.
In conclusion, with appropriate k-space undersampling strategy, the TWIST sequence can be used in clinical settings to acquire breast DCE-MRI data with both high sRes and tRes: the former for precise tumor morphology assessment; the latter for accurate pharmacokinetic analysis of the timecourse data.
